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Introduction {#chem201804020-sec-0001}
============

Solution‐processed organic solar cells (OSCs) are considered to be a viable option in meeting the future global energy demand if high efficiencies can be combined with fast printing production techniques.[1](#chem201804020-bib-0001){ref-type="ref"} Tremendous progress has led to power conversion efficiencies (PCEs) of OSCs exceeding 14 % in both single‐ and multijunction devices.[2](#chem201804020-bib-0002){ref-type="ref"} This accomplishment benefitted mainly from the development of highly efficient materials by creating novel building blocks and employing elegant synthetic strategies to combine different units.[3](#chem201804020-bib-0003){ref-type="ref"} So far, both small molecules and polymers exhibit promising potential for photovoltaic applications.[1c](#chem201804020-bib-0001c){ref-type="ref"}, [4](#chem201804020-bib-0004){ref-type="ref"} However, it is still highly challenging to achieve high device performance with newly developed materials, because the device performance not only depends on the functional properties of the individual molecules, but also on their packing mode in the solid state.[5](#chem201804020-bib-0005){ref-type="ref"} Compared to polymers, small‐molecular photovoltaic materials have a few merits, such as their well‐defined molecular structures, ease of purification and characterization, and high reproducibility of their synthetic procedures.[4](#chem201804020-bib-0004){ref-type="ref"} Particularly the well‐defined molecular structure is beneficial to developing reliable structure--performance correlations.

One of the important factors that affects the performance of small‐molecule OSCs is the packing mode of molecules in films, which influences the film morphology, charge transfer, and charge‐transport character.[6](#chem201804020-bib-0006){ref-type="ref"} H‐ and J‐aggregation are two common packing modes of conjugated small molecules in the solid state. H‐aggregates form if the adjacent molecules stack predominantly in a face‐to‐face arrangement, and J‐aggregates if the molecules stack in a head‐to‐tail mode.[7](#chem201804020-bib-0007){ref-type="ref"} The formation of such aggregates is manifested in the energies of the excited states, the lifetime of the excitons, optical absorption spectra, and emission spectra, from which one can infer the particular aggregation motif as being predominantly H‐type or J‐type.[8](#chem201804020-bib-0008){ref-type="ref"} The aggregated state of molecular semiconductors is affected by many factors, such as the inherent electronic properties, the special functional groups, and the molecular configuration.[8](#chem201804020-bib-0008){ref-type="ref"}, [9](#chem201804020-bib-0009){ref-type="ref"} For example, changing the position of alkyl chains could tune the packing of conjugated molecules in thin films between H‐ and J‐aggregates and thereby led to distinctly different photovoltaic performance.[9](#chem201804020-bib-0009){ref-type="ref"} Therefore, controlling and understanding the packing mode of conjugated materials in the solid state through molecular engineering is important to improve the device performance of small‐molecule OSCs and to establish structure--property relationships.

Herein, we demonstrate that the aggregated state of diketopyrrolopyrrole (DPP)‐based molecules can be influenced through subtle changes in the structure of the terminal moieties, that is, by replacing the bridging covalent C−C bonds on the terminal fluorene units by polar B←N bonds and varying the orientation of the B←N bonds (Scheme [1](#chem201804020-fig-5001){ref-type="fig"}). The DPP fragment has been widely used to design conjugated small molecules and polymers for use in OSCs and field‐effect transistors, by making use of its strong optical absorption in the visible region and excellent charge‐transport properties.[10](#chem201804020-bib-0010){ref-type="ref"} The B←N bond is isoelectronic to the C−C bond. Replacing C−C bonds by polar B←N bonds can change the electronic properties of conjugated molecules and offers additional intermolecular dipole--dipole interactions due to the anionic character of the boron atom and the cationic character of the nitrogen atom.[11](#chem201804020-bib-0011){ref-type="ref"} In addition, incorporating B←N bonds into a conjugated system allows for additional structural variation, due to the directional nature of the B←N bond. Therefore, introducing B←N bonds into conjugated molecules provides a new approach to modulating the electronic properties and packing modes of organic semiconductors.[12](#chem201804020-bib-0012){ref-type="ref"} By introducing B←N bonds to replace the bridging C−C bonds on the terminal fluorene units and changing the orientation of B←N bonds, the aggregated state of the molecules can be tuned between H‐type and J‐type. The different aggregated states consequently lead to distinctly different photophysical properties and device performance in bulk‐heterojunction OSCs. Our work provides a new approach to control the packing modes of organic semiconductors in thin films and favors the study of structure--property relationships of small molecular photovoltaic materials.

![Synthetic route to the DPP derivatives and structures of DPPCC, DPPBN‐o, DPPBN‐i bearing different terminal units. Blue arrows indicate local dipole moments.](CHEM-25-564-g009){#chem201804020-fig-5001}

Results and Discussion {#chem201804020-sec-0002}
======================

Design and synthesis {#chem201804020-sec-0003}
--------------------

We use B←N units in our molecular design to modulate the packing mode of molecules in the solid state. The B←N bond is a coordination bond with a dipole moment of 5.2 D.[12d](#chem201804020-bib-0012d){ref-type="ref"}, [13](#chem201804020-bib-0013){ref-type="ref"} The dipole orientation can affect the intermolecular π--π interactions and the arrangement of adjacent molecules. We thus synthesized two B←N‐containing compounds, DPPBN‐o and DPPBN‐i, in which the coordinative B←N bond is oriented outward or inward, respectively, relative to the thiophene‐flanked DPP core. For comparison, structurally similar DPPCC without B←N bond was also synthesized.

Compounds DPPCC, DPPBN‐o, and DPPBN‐i were synthesized (Scheme [1](#chem201804020-fig-5001){ref-type="fig"}) by palladium‐catalyzed Suzuki cross‐coupling between dibrominated DPP core **1** and the corresponding boronic pinacol ester‐bearing terminal units, that is, 2‐(9,9‐dimethyl‐9*H*‐fluoren‐2‐yl)‐4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolane (**2**), 6,6‐dimethyl‐3‐(4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolan‐2‐yl)‐6*H*‐5λ^4^,6λ^4^‐benzo\[3,4\]\[1,2\]azaborolo\[1,5‐*a*\]pyridine (**3**), and 6,6‐dimethyl‐8‐(4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolan‐2‐yl)‐6*H*‐5λ^4^,6λ^4^‐benzo\[3,4\]\[1,2\]azaborolo\[1,5‐*a*\] pyridine (**4**), respectively, which were synthesized according to previously reported procedures.[12c](#chem201804020-bib-0012c){ref-type="ref"}, [14](#chem201804020-bib-0014){ref-type="ref"} The blue arrows in Scheme [1](#chem201804020-fig-5001){ref-type="fig"} represent the dipole orientations of the B←N bonds, wherein N is positively and B is negatively charged, and the dipole is from B^−^ to N^+^. The three DPP derivatives have good solubility in common organic solvents such as dichloromethane and chloroform.

The thermal properties of the DPP derivatives were characterized by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements (Table [1](#chem201804020-tbl-0001){ref-type="table"}). TGA (Figure [1](#chem201804020-fig-0001){ref-type="fig"} a) indicated that DPPBN‐o and DPPBN‐i have good thermal stability with decomposition temperatures corresponding to a 5 % weight loss *T* ~d~ in nitrogen of 395 and 405 °C respectively, that is, higher than *T* ~d~=369 °C of DPPCC under the same conditions. These results indicate that introducing polar B←N bonds can enhance the thermal stability. In DSC, endothermic peaks corresponding to the melting process in the second heating run were observed. Due to the presence of the polar B←N bonds, DPPBN‐o (*T* ~m~=285 °C) and DPPBN‐i (*T* ~m~=294 °C) showed much higher melting temperatures than DPPCC (*T* ~m~=207 °C). The cooling scan featured distinct exothermic peaks corresponding to the crystallization process for DPPCC (*T* ~c~=154 °C), DPPBN‐o (*T* ~c~=178 °C), and DPPBN‐i (*T* ~c~=244 °C) (Figure [1](#chem201804020-fig-0001){ref-type="fig"} b). The melting enthalpy and crystallization enthalpy of DPPCC, DPPBN‐o, and DPPBN‐i (Table [1](#chem201804020-tbl-0001){ref-type="table"}) also increase in the same sequence, and this suggests that the introduction of the polar B←N bonds improves the crystallinity of the conjugated compounds.

###### 

Thermal properties of the DPP derivatives.

            *T* ~d~ \[°C\]   Δ*H* ~m~ \[J g^−1^\]   Δ*H* ~c~ \[J g^−1^\]   *T* ~m~ \[°C\]   *T* ~c~ \[°C\]
  --------- ---------------- ---------------------- ---------------------- ---------------- ----------------
  DPPCC     369              38.4                   −33.2                  207              154
  DPPBN‐o   395              61.1                   −35.5                  285              178
  DPPBN‐i   405              69.5                   −59.4                  294              244
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![a) TGA and b) DSC thermograms of the DPP derivatives.](CHEM-25-564-g001){#chem201804020-fig-0001}

DFT calculations at the B3LYP/6‐31G(d) level of theory were performed to study the geometries of the molecules. The calculations suggest that the conjugated segments of the DPP molecules with the B←N bonds maintain their coplanarity, as evidenced by the similar twist angles (Figure S1 and Table S1 in the Supporting Information).

Electrochemical properties {#chem201804020-sec-0004}
--------------------------

The electrochemical properties of the DPP compounds were studied by square‐wave voltammetry (SWV) measurements on the thin films. The HOMO and LUMO energy levels were estimated from the peak positions (Figure [2](#chem201804020-fig-0002){ref-type="fig"}).[15](#chem201804020-bib-0015){ref-type="ref"} Replacing the C−C bond by B←N bond shifts the HOMO and LUMO levels simultaneously downward by about 0.03--0.07 eV, consistent with the electron‐withdrawing character of B←N bonds reported in the literature.[12c](#chem201804020-bib-0012c){ref-type="ref"},[12d](#chem201804020-bib-0012d){ref-type="ref"}, [16](#chem201804020-bib-0016){ref-type="ref"} The differences in the energy levels between DPPBN‐o and DPPBN‐i are negligible and suggest that the B←N orientation has little influence on the energy levels of the molecules. The LUMO--LUMO offsets between the DPP compounds and the electron acceptor \[6,6\]‐phenyl‐C~61~‐butyric acid methyl ester (\[60\]PCBM)[17](#chem201804020-bib-0017){ref-type="ref"} are much higher than the threshold for efficient charge dissociation (≈0.3 eV) and indicate electron‐donor character of the DPP compounds relative to \[60\]PCBM. Moreover, all compounds have deep‐lying HOMO energy levels, which are expected to give high open‐circuit voltage *V* ~oc~ in bulk‐heterojunction photovoltaic devices.[18](#chem201804020-bib-0018){ref-type="ref"}

![a) SWV measurements on the DPPs and b) energy levels of DPPCC, DPPBN‐o, DPPBN‐i, and \[60\]PCBM. A value of −5.13 eV versus vacuum for ferrocene/ferrocenium was used to determine the energy levels.[19](#chem201804020-bib-0019){ref-type="ref"}](CHEM-25-564-g002){#chem201804020-fig-0002}

Photophysical properties of DPP derivatives in solution and film {#chem201804020-sec-0005}
----------------------------------------------------------------

The optical properties of the DPP derivatives were evaluated by absorption and fluorescence spectroscopy in chloroform solution and as spin‐coated thin films (Figure [3](#chem201804020-fig-0003){ref-type="fig"}, Table [2](#chem201804020-tbl-0002){ref-type="table"}). In solution, the absorption spectra of the three derivatives exhibited very similar spectroscopic features with two bands corresponding to electronic transitions with π--π\* character. The intense longest‐wavelength absorption bands in the range 470--700 nm are ascribed to intramolecular charge transfer. The weaker high‐energy absorption bands in the 300--470 nm range can be related to localized electronic transitions of the conjugated moieties.

![a) Normalized absorption and b) fluorescence spectra of the DPP derivatives in chloroform solution (dashed line), as‐cast thin films (continuous line), after thermal annealing (short dash dot line), and after SVA (dotted line).](CHEM-25-564-g003){#chem201804020-fig-0003}

###### 

Optoelectronic properties of DPPCC, DPPBN‐o, and DPPBN‐i.

  Sample    Solution         Film   *E* ~g~ ^\[a\]^                                     
  --------- ---------- ----- ------ ----------------- ----- ----- ---- ----- ----- ---- ------
  DPPCC     658        618          698               641   716   75   650   743   93   1.78
  DPPBN‐o   660        612          706               643   734   91   675   713   38   1.76
  DPPBN‐i   660        619          703               644   743   99   663   685   22   1.76

\[a\] Estimated from the onset of the absorption spectrum of the as‐cast films.
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Compared to the solution spectra, a bathochromic shift is observed in the spectra of the solid thin films, characteristic of intermolecular interactions. According to Kasha\'s molecular exciton model, bathochromic (red) shifts of spectral bands are related to the presence of J‐type aggregates in which molecules are preferentially arranged in a head‐to‐tail configuration.[20](#chem201804020-bib-0020){ref-type="ref"} Conversely, hypsochromic (blue) shifts are associated with H‐type aggregates, in which molecules stack in a face‐to‐face arrangement.[7a](#chem201804020-bib-0007a){ref-type="ref"} However, this model only considers the long‐range Coulombic interactions between the transition dipole moments. According to Spano\'s model, when the short‐range interactions are also taken into account, the spectral shifts are not always representative of H‐like or J‐like behavior, and such aggregates can be discerned from the ratio of the first two vibronic transitions (0--0/0--1) in the absorption spectra of thin films.[21](#chem201804020-bib-0021){ref-type="ref"} H‐aggregates exhibit a 0--0/0--1 intensity ratio smaller than unity, whereas for J‐aggregates this ratio is larger than unity. In the pristine thin films of the DPP derivatives without any post‐deposition treatment a 0--0/0--1 intensity ratio of less than unity was observed for the three materials, which can be interpreted as an indication of the predominant formation of H‐aggregates (Figure [3](#chem201804020-fig-0003){ref-type="fig"} a).

Post‐deposition treatment is an effective method to modify the molecular packing. After post‐deposition thermal or solvent‐vapor annealing (SVA) of the thin films, clear differences the 0--0/0--1 peak ratios were observed between the three DPP compounds. For DPPCC, the 0--0/0--1 peak ratio became significantly less than unity and thus indicated more complete H‐type aggregation. In contrast, the peak intensity ratio for DPPBN‐o became distinctly larger than unity, consistent with the formation of J‐aggregates on annealing. For DPPBN‐i the small difference between the 0‐0 and 0--1 peak intensities is tentatively attributed to aggregation intermediate between H‐type and J‐type.

The photoluminescence spectra of the DPPs in chloroform solution showed an intense high‐energy emission band at 656--658 nm and a vibronic shoulder at longer wavelengths around 723 nm (Figure [3](#chem201804020-fig-0003){ref-type="fig"} b). The spectral features of the fluorescence spectra of the thin films further confirmed the presence of both H‐type and J‐type aggregates. The photoluminescence spectra of the as‐cast films (Figure [3](#chem201804020-fig-0003){ref-type="fig"} b) show a broad and structureless band, consistent with the H‐aggregation inferred from the absorption spectra. Compared with the as‐cast pristine films, thermal annealing or SVA induces a redshift in the fluorescence spectra of DPPCC but a blueshift for both DPPBN‐o and DPPBN‐i. In particular for DPPBN‐o and DPPBN‐i, the spectra become narrower and clear vibronic features can be distinguished. These spectral changes are also clearly reflected in the magnitude of the (apparent) Stokes shifts Δ*λ* (Table [2](#chem201804020-tbl-0002){ref-type="table"}), which increased for DPPCC but decreased considerably for DPPBN‐o and DPPBN‐i consistent with H‐like and J‐like aggregation, respectively.

The photoluminescence lifetimes of the thin films were measured by time‐correlated single‐photon counting for the pristine DPP films before and after post‐deposition treatment (Table [3](#chem201804020-tbl-0003){ref-type="table"} and Figure S2 in Supporting Information). In general, the fluorescence lifetime traces were better fitted to biexponential decays. Theoretically, the emission from the lowest electronically excited state to the ground state is dipole‐forbidden in H‐aggregates and, in consequence, they have longer fluorescence lifetimes than J‐aggregates, for which this radiative transition is allowed and results in shorter lifetimes. The average fluorescence lifetime of DPPCC became longer after SVA (0.65→1.79 ns), likely as a result of the more pure H‐type behavior. Additionally, consistent with the J‐type behavior, shorter lifetimes were measured after SVA for DPPBN‐o (0.46→0.41 ns) and DPPBN‐i (0.89→0.53 ns).

###### 

Time‐resolved photoluminescence parameters of the films.

  Material             Treatment   *A* ~1~     *τ* ~1~ \[ns\]   *A* ~2~     *τ* ~2~ \[ns\]   *τ* ~avg~ ^\[a\]^ \[ns\]
  -------------------- ----------- ----------- ---------------- ----------- ---------------- --------------------------
  DPPCC                --          8.8×10^3^   0.53             1.6×10^3^   1.01             0.65
  DPPCC                SVA         7.3×10^3^   1.27             2.7×10^3^   2.51             1.79
  DPPBN‐o              --          9.9×10^3^   0.41             7.2×10^2^   0.83             0.46
  DPPBN‐o              SVA         1.1×10^3^   0.41             --          --               0.41
  DPPBN‐o‐PCBM         --          9.1×10^3^   0.60             1.0×10^3^   2.07             1.00
  DPPBN‐o:\[60\]PCBM   SVA         1.1×10^3^   0.37             3.8×10^2^   1.24             0.84
  DPPBN‐i              n/a         3.9×10^3^   0.53             3.5×10^2^   1.97             0.89
  DPPBN‐i              SVA         9.9×10^3^   0.40             6.3×10^2^   1.19             0.53
  DPPBN‐i:\[60\]PCBM   n/a         2.2×10^3^   0.84             8.3×10^3^   2.15             2.03

\[a\] $\tau_{avg} = \sum A_{i}\tau_{i}^{2}/\sum A_{i}\tau_{i}$
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In summary, after thermal annealing or SVA, the three DPP compounds fall into two classes: DPPCC forms H‐aggregates, whereas DPPBN‐o and DPPBN‐i form J‐aggregates. Apparently, the molecular arrangement in the solid state can be significantly affected by small changes in the chemical structure, as well as by post‐treatment of the deposited thin films.

The formation and properties of long‐lived excited states were studied by near‐steady‐state photoinduced absorption (PIA) spectroscopy for the DPP compounds in solution (Figure [4](#chem201804020-fig-0004){ref-type="fig"}). The PIA signal from direct excitation of the DPPs was very weak. DFT calculations suggested that the triplet energies of the DPP molecules are less than 1 eV (Table [4](#chem201804020-tbl-0004){ref-type="table"}). Therefore, PIA experiments were carried out by using \[60\]PCBM as triplet sensitizer, because the intersystem‐crossing quantum yield from the singlet to the triplet excited state in \[60\]PCBM is close to unity and its T~1~ energy is about 1.5 eV.[22](#chem201804020-bib-0022){ref-type="ref"} Since the polarity of the solvent can affect the nature of the preferred excited states, solvents with low and high relative permittivity, that is, toluene (*ϵ* ~r~=2.38) and *ortho*‐dichlorobenzene (*o*DCB, *ϵ* ~r~=9.93), were used. In media with a low relative permittivity, triplet energy transfer from the \[60\]PCBM T~1~ state will occur. In contrast, solvents with high relative permittivity stabilize the charge‐separated state and thus make electron transfer from the DPPs to the \[60\]PCBM T~1~ state possible.

![Normalized near‐steady‐state PIA spectra in toluene and *o*DCB solutions of DPP compounds (10^−4^  [m]{.smallcaps}) sensitized with \[60\]PCBM (4×10^−4^  [m]{.smallcaps}), recorded at room temperature, *λ* ~exc~=364 nm. a) DPPCC. b) DPPBN‐o. c) DPPBN‐i.](CHEM-25-564-g004){#chem201804020-fig-0004}

###### 

Calculated singlet and triplet excited‐state energies.^\[a\]^

                DPPCC   DPPBN‐o   DPPBN‐i
  ------------- ------- --------- ---------
  S~1~ \[eV\]   2.20    2.18      2.18
  T~1~ \[eV\]   0.85    0.83      0.84

\[a\] The TDDFT calculations were performed at the ω‐B97X‐D/6‐311G(d) level of theory.
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In the PIA spectra of the three DPP derivatives dissolved in toluene, recorded with excitation of \[60\]PCBM at 364 nm, we observed the ground‐state bleaching band of the DPP compounds in the 2.0--2.5 eV range and an intense peak at 1.83±0.02 eV, corresponding to T~1~→T~*n*~ absorption (Figure [4](#chem201804020-fig-0004){ref-type="fig"}). Besides, two additional and less intense PIA signals were present at lower energies (1.10 and 1.26 eV). Since charge transfer between the DPPs and \[60\]PCBM is not expected in toluene, these low‐energy bands are ascribed to other lower‐energy transitions of the triplet excited state of the DPP compounds.

The PIA spectra of the DPP compounds dissolved in *o*DCB, recorded under identical conditions, closely resemble those in toluene (Figure [4](#chem201804020-fig-0004){ref-type="fig"}), but an additional signal at about 1.46 eV can be seen, which is tentatively ascribed to the presence of radical cations of the DPP derivatives. The characteristic spectral features of the T~1~→T~*n*~ absorption of \[60\]PCBM, that is, a shoulder at 1.52 eV and a maximum at 1.74 eV, were not detected in the PIA spectra of the mixed solutions (Figure S3, Supporting. Information). This indicates that triplet energy transfer from the \[60\]PCBM T~1~ state to the DPP molecules is efficient and generates the DPP molecules in their T~1~ state, accompanied by some electron transfer in the more polar *o*DCB.

Photovoltaic properties {#chem201804020-sec-0006}
-----------------------

Photovoltaic properties were evaluated with an ITO/PEDOT:PSS/DPP:\[60\]PCBM/Ca/Al device structure under AM1.5G illumination (100 mW cm^−2^). The photoactive layers were spin‐coated from chloroform solution with a 2:1 donor:acceptor weight ratio. The device performance was fully optimized in terms of device structure, donor:acceptor ratio, thermal annealing, and SVA. Annealing with chlorobenzene (CB) vapor could significantly change the device performance of the DPP:\[60\]PCBM blends. The current density--voltage (*J*--*V*) characteristics of the optimized devices are shown in Figure [5](#chem201804020-fig-0005){ref-type="fig"} a, and the photovoltaic parameters are summarized in Table [5](#chem201804020-tbl-0005){ref-type="table"}.

![a) *J*--*V* characteristics of OSCs based on DPP:\[60\]PCBM blends under AM1.5G illumination (100 mW cm^−2^). b) EQE spectra of the corresponding solar cells. c) Hole mobility of the DPP:\[60\]PCBM blended films acquired from hole‐only devices with a configuration of ITO/PEDOT:PSS/DPP:\[60\]PCBM/MoO~3~/Ag. d) Current density versus light intensity of the OSCs. ITO: indium tin oxide, PEDOT: poly(3,4‐ethylenedioxythiophene), PSS: polystyrene sulfonate.](CHEM-25-564-g005){#chem201804020-fig-0005}

###### 

Solar cell characteristics of the DPP:\[60\]PCBM OSCs under AM 1.5 G illumination (100 mW cm^−2^).

  Donor     Treatment   *V* ~oc~ \[V\]   *J* ~sc~ \[mA cm^−2^\]   FF     PCE \[%\]
  --------- ----------- ---------------- ------------------------ ------ -----------
  DPPCC     n/a         0.84             3.30                     0.29   0.82
            SVA         0.72             1.20                     0.30   0.26
  DPPBN‐o   n/a         1.01             1.11                     0.27   0.31
            SVA         0.66             0.09                     0.31   0.02
  DPPBN‐i   n/a         0.75             3.10                     0.30   0.70
            SVA         0.89             4.77                     0.37   1.59
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As‐cast films without SVA showed low short‐circuit current densities *J* ~sc~ and fill factors (FF). As a result, the devices show low overall performance with PCEs less than 1 %. All devices have good *V* ~oc~ values ranging from 0.75 to 1.01 V, consistent with their deep‐lying HOMO levels. However, the variation in *V* ~oc~ (0.25 V) is much larger than the variation in HOMO levels, possibly due to different bulk‐heterojunction morphologies. After exposure to CB vapor, the PCEs of the solar cells based on DPPCC and DPPBN‐o dropped drastically to 0.26 and 0.02 %, respectively. In contrast, the PCE of the DPPBN‐i‐based cell increased to 1.59 %. These differences are mainly caused by the changes in *J* ~sc~, although *V* ~oc~ and FF are also affected. For DPPCC and DPPBN‐o, *J* ~sc~ dropped from 3.30 and 1.11 mA cm^−2^ to 1.20 and 0.02 mA cm^−2^, respectively, whereas the DPPBN‐i‐based device showed an increase in *J* ~sc~ from 3.10 to 4.77 mA cm^−2^. These changes in *J* ~sc~ are reflected in the external quantum efficiency (EQE) spectra. After SVA, the EQE value decreased from 23.5 to 9.8 % at 590 nm for DPPCC and from 7.24 % to almost zero for DPPBN‐o, whereas the EQE of DPPBN‐i increased from 18.8 to 36.7 % (Figure [5](#chem201804020-fig-0005){ref-type="fig"} b). In particular, DPPCC has a maximum EQE corresponding to the 0--1 vibronic peak at 594 nm, whereas the EQE spectrum of DPPBN‐i shows almost equivalent maxima corresponding to the 0--0 and 0--1 vibronic peaks at 660 and 605 nm, respectively. The EQE profiles of DPPCC and DPPBN‐i are consistent with their optical absorption spectra, which indicate that the aggregation is similar in pure films and in blends with \[60\]PCBM. For the DPPBN‐o‐based solar cells the absorption also matches the EQE before SVA, but after annealing the response is virtually zero.

The device metrics listed in Table [5](#chem201804020-tbl-0005){ref-type="table"} suggest that the devices exhibit reasonable *V* ~oc~ values, but a common limitation of these solar cells is their low *J* ~sc~ (\<5 mA cm^−2^) and FF (\<0.4). Hence, the charge‐transport properties and bimolecular charge recombination losses were investigated. Hole mobilities *μ* ~h~ were estimated from hole‐only ITO/PEDOT:PSS/DPP:\[60\]PCBM/MoO~3~/Ag devices after CB SVA by fitting the *J*--*V* data to a space‐charge‐limited current model, which resulted in a *μ* ~h~ value of about 10^−5^ cm^2^ V^−1^ s^−1^ for all three donors (Figure [5](#chem201804020-fig-0005){ref-type="fig"} c). The small *μ* ~h~ values of the DPP:\[60\]PCBM films are likely responsible for the low FF. The hole mobilities of the blends decrease in the sequence DPPCC (3.6×10^−5^ cm^2^ V^−1^ s^−1^)\>DPPBN‐i (1.8×10^−5^ cm^2^ V^−1^ s^−1^)\>DPPBN‐o (7.0×10^−6^ cm^2^ V^−1^ s^−1^), which is in accordance with the type of aggregation. For H‐aggregation, the face‐to‐face stacking of the molecules offers a large area of π overlap among adjacent molecules, which results in higher hole mobility, the predominately J‐aggregated DPPBN‐o has the lowest hole mobility, and the predominately J‐aggregated DPPBN‐o the lowest hole mobility.

The dependence of *J* ~sc~ on light intensity *P* ~light~ was measured to investigate bimolecular recombination losses of the devices on CB SVA (Figure [5](#chem201804020-fig-0005){ref-type="fig"} d). The *J* ~sc~ of OSCs often shows a power‐law dependence on the light intensity (*J* ~sc~∼$P\binom{\alpha\mspace{510mu}}{{light}\mspace{510mu}}$ ). The power‐law component *α* is unity if bimolecular recombination losses are negligible.[24](#chem201804020-bib-0024){ref-type="ref"} The considerable deviation of the *α* values of the solar cells from unity (Figure [5](#chem201804020-fig-0005){ref-type="fig"} d) indicates pronounced bimolecular recombination losses. SVA further decreases the *α* values for the blends with DPPCC and DPPBN‐i, but leads to an increase in *α* for the DPPBN‐i:\[60\]PCBM blend.

Morphology of DPP:\[60\]PCBM blends {#chem201804020-sec-0007}
-----------------------------------

The morphology of the blended films plays a key role in exciton diffusion, exciton dissociation, and charge transport, which determine the performance of bulk‐heterojunction solar cells.[25](#chem201804020-bib-0025){ref-type="ref"} The morphology was investigated by AFM and TEM. The AFM measurements (Figure [6](#chem201804020-fig-0006){ref-type="fig"}) showed that the films of DPP derivatives blended with \[60\]PCBM without SVA were smooth and uniform with similar and small root‐mean square (RMS) surface roughness of 0.49, 0.46, and 0.43 nm, respectively. After SVA, the RMS roughness of the blended films increased considerably to 3.55, 3.93, and 3.09 nm, respectively, and this suggests that the domain sizes become larger as a consequence of crystallization.

![AFM height images for as‐cast (a--c) and annealed (d--f) blends of a), d) DPPCC:\[60\]PCBM, b, e) DPPBN‐o:\[60\]PCBM, and c, f) DPPBN‐i:\[60\]PCBM. Image size: 5×5 μm.](CHEM-25-564-g006){#chem201804020-fig-0006}

The TEM images show that as‐cast blend films of DPPCC and DPPBN‐i are very uniform and lack detectable phase separation (Figure [7](#chem201804020-fig-0007){ref-type="fig"}). Such intimately mixed morphologies are not beneficial to charge transport and can lead to severe geminate recombination. The blended film of DPPBN‐o shows phase separation, which suggests that other factors also cause the poor device performance of DPPBN‐o:\[60\]PCBM. After SVA, the blended films with DPPCC and DPPBN‐o form very large domains that are detrimental to efficient charge transfer. The blended film of DPPBN‐i exhibits improved phase separation with fibrillary structures after SVA, which is helpful for efficient charge generation and transport. The morphologies thus explain why the DPPBN‐i:\[60\]PCBM blended film offers the highest PCE among the solar cell devices. Moreover, the combination of the hole mobility, the bimolecular recombination, and the morphology rationalizes the moderate photovoltaic performance of the DPP compounds in blends with \[60\]PCBM.

![TEM images of as‐cast (a--c) and solvent‐annealed (d--f) blends: a), d) DPPCC:\[60\]PCBM, b, e) DPPBN‐o:\[60\]PCBM, and c, f) DPPBN‐i:\[60\]PCBM. Scale bar: 200 nm.](CHEM-25-564-g007){#chem201804020-fig-0007}

Photophysical properties of DPP:\[60\]PCBM blends {#chem201804020-sec-0008}
-------------------------------------------------

The photoluminescence spectra and lifetimes of the thin films of DPPs blended with \[60\]PCBM were measured to investigate the charge‐transfer processes. The photoluminescence emission of the DPPs is considerably quenched after blending with \[60\]PCBM as a consequence of exciton dissociation at the interface between the donor and the acceptor (Figure S4, Supporting Information). This quenching is particularly stronger for DPPCC. Despite the strong quenching, the averaged fluorescence lifetimes of the blends of DPPBN‐o and DPPBN‐i with \[60\]PCBM are larger than those of the pure compounds (Table [3](#chem201804020-tbl-0003){ref-type="table"} and Figure S2 in the Supporting Information). Hence, the luminescence is likely due to residual photoluminescence from \[60\]PCBM (≈700--800 nm) and cannot be used to determine the kinetics of the charge‐transfer processes.

We also studied the PIA of the DPP derivatives in blends with \[60\]PCBM at 77 K (Figure [8](#chem201804020-fig-0008){ref-type="fig"}). Although the PIA spectra in films are different from those in solution, the overall appearance and several of salient features are similar. The strongest peak is found at 1.74±0.01 eV. This band is redshifted relative to the same band in toluene solution (1.83±0.02 eV), which we attribute to the T~1~→T~*n*~ absorption. A second, less intense peak is found at about 1.2 eV. The nature of this peak can be either a lower‐energy T~1~→T~*n*~ absorption or a signature of long‐lived charges.

![Normalized near‐steady‐state PIA spectra of spin‐coated DPP:\[60\]PCBM (1:4 w/w) thin films without quencher (film) and with (w/) rubrene or SiNc as triplet quencher. In the latter case the DPP:\[60\]PCBM:quencher ratio was 1:4:1 (w/w/w). PIA spectra were recorded at 77 K, *λ* ~exc~=496 or 514 nm. a) DPPCC. b) DPPBN‐o. c) DPPBN‐i.](CHEM-25-564-g008){#chem201804020-fig-0008}

By adding quenchers with known triplet energy to the DPP:\[60\]PCBM mixtures, we can learn more about the nature of these excitations. If the triplet energy of the DPP derivatives is lower than the triplet energy of the quencher, the spectrum will not be affected. However, if the triplet energy of the quencher is lower than that of the DPP compound, the DPP triplet is quenched, and the triplet absorption of the quencher is observed. We used rubrene (*E*(T~1~)=1.14 eV) and bis(trihexylsiloxy)silicon 2,3‐naphthalocyanine (SiNc, *E*(T~1~)=0.93 eV) to assess the triplet energies.[26](#chem201804020-bib-0026){ref-type="ref"}, [27](#chem201804020-bib-0027){ref-type="ref"} Figure [8](#chem201804020-fig-0008){ref-type="fig"} clearly shows that adding rubrene has no significant effect on the PIA spectra, but that SiNc quenches the entire spectrum and gives rise to the bleaching band of SiNc at 1.56 eV. This supports the view that the PIA spectra of the DPP:\[60\]PCBM blends are dominated by excitations in the triplet manifold. The quenching of the DPP triplet states by SiNc, but not by rubrene, places the triplet energy of the DPPs between 0.93 and 1.14 eV, roughly in agreement with the triplet energies obtained from the DFT calculations (Table [4](#chem201804020-tbl-0004){ref-type="table"}). The absence of clear signatures of long‐lived charges and the presence of DPP triplet states in the blended films suggest that the charge‐separated states can recombine to the lower‐lying triplet states on the DPP molecules in these blends. We note that the alternative explanation that the triplet states of DPP are formed by singlet fission, that is, DPP(S~1~)+DPP(S~0~)→2 DPP(T~1~), is energetically possible because *E*(S~1~)\>2*E*(T~1~) (Table [4](#chem201804020-tbl-0004){ref-type="table"}), but does not occur (or does not result in long‐lived T~1~ states) because direct excitation of the DPP films did not give detectable triplet signals in the PIA spectrum.

Conclusions {#chem201804020-sec-0009}
===========

Introducing B←N bonds to replace C−C bonds and changing the B←N bond orientation provides a means to change the crystallization behavior, aggregation, energy levels, and solar‐cell performance of π‐conjugated compounds. Substitution of C−C units by B←N units does not significantly affect the planarity of the molecules and has minor effect on the redox potentials or the optical absorption in solution. However, optical absorption and fluorescence spectra as well as excited‐state lifetime measurements indicate that after thermal and SV annealing DPPCC forms H‐aggregates in thin films, whereas DPPBN‐o and DPPBN‐i form J‐aggregates. Photovoltaic devices with the three DPP compounds as donor and \[60\]PCBM as acceptor perform poorly. The best device, with PCE=1.59 %, was obtained for DPPBN‐i after SVA. The devices exhibit similar *V* ~oc~ values and hole mobilities, but bimolecular recombination and morphology limit the FF and thus the PCE.
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